The authors have proposed some actuators to be able to drive multi degree of freedom with the unit
Introduction
Linear resonant actuators (LRAs) have been used in a wide range of applications because they are capable of short-stroke reciprocating motion despite their compact size and small weight. Recently, with expansion of their application field, it has necessary to drive actuators with a degree of freedom of two or more. We have proposed actuators that can drive multi-degree-of-freedom systems. We have also proposed a method involving a combination of a magnetic field, an electric field, a control method, and motion equation employing our 3-D FEM code (4) - (10) for analyzing the dynamic characteristics of resonant actuators.
The actuator that has been studied so far is a model that is operated under open control, and the model with the drive axis in the direction of the air gap has not been examined. While the range of movement of the latter model in the direction of the air gap is limited, a larger thrust can be obtained compared to the thrust in the horizontal direction. Moreover, the examination of this model is important for the development of a multi-degree-of-freedom actuator. This paper proposes a new two-DOF resonant actuator whose drive axis is in the direction of the air gap, and a control method for the actuator. The effectiveness of this actuator and the control method was verified by 3D finite element analysis.
Basic Structure and Operating Principle

Basic Structure
The basic structure of the two-DOF resonant actuator is shown in Fig. 1 . This actuator mainly consists of a mover, a stator, and resonant springs in * Dept. of Adaptive Machine Systems, Graduate School of Engineering, Osaka University 2-1, Yamadaoka, Suita 565-0871, Japan * * Advanced Technologies Development Laboratory, Panasonic Electric Works, Ltd. 1048, Kadoma 571-8686, Japan the X and Z directions that support the mover to maintain the airgap (1 mm). The mover consists of permanent magnets (NbFeB, Br = 1.42 T) fixed on the back yoke (SUY). The stator comprises an E-type laminated yoke with three 45-turn excitation coils. This actuator is assumed to move ±1.2 mm in the X-direction and ±0.5 mm in the Z-direction.
Vector Control
Vector control is employed to control each drive axis independently; the field current element (i d element) is used as the Z-axis thrust element and the torque current element (i q element) is used as the X-axis thrust element.
This actuator is classified into non-salient pole type and the thrust equation under the vector control is given as follow:
where i d and i q are the current of d-and q-axes, φ is the armature interlinkage flux by the permanent magnet. Moreover, phase angle between the stator and the mover θ is given as follow: 
where l is the distance between north and south poles. From the equations (1) and (2), the current of each phase is calculated by d-q conversion as follow:
where i u , i v and i w are the current of U, V and W phase coils respectively. Fig. 2 shows the operating principle. When V phase coil is exited to normal phase and W phase coil is exited to negative phase at the center position, the magnetic flux are magnetized at the stator like a Fig. 2(a) . Therefore, the magnetic thrust occurs between each magnetic pole of the current and the magnetic pole of the magnet. At this time, only X-axis thrust occurs, because of Z-axis thrust is negated. Moreover, constant X-axis thrust occurs by changing current according to vector the control.
Operating Principle
When U phase coil is exited to normal phase and V and W phase coils is exited to negative phase at the center position, the magnetic flux are magnetized at the stator like a Fig. 2(b) . At this time, only Z-axis thrust occurs, because of X-axis When driving both axes, X-and Z-axis drive currents are exited at the same time.
Analysis Method
Magnetic Field Analysis
The equations of the magnetic field and the electric circuit are coupled using the 3-D FEM, which are given by the magnetic vector potential A and the exciting current each coil I 0 as follows:
where ν is the reluctivity, J 0 is the exciting current density, ν is the reluctivity of the vacuum, M is the magnetization of permanent magnet, V 0 is the applied voltage each coil, R is the resistance, Ψ is the interlinkage flux of exciting each coil, n c and S c are the number of turns and the cross-sectional area of the coil respectively, n s is the unit vector along with the direction of exciting current.
Coupled Analysis with Motion Equation
The motion equation of the mover is shown as follows.
where M is the mass of mover, x and z are displacement of the mover in X-and Z-directions, D is the viscous damping coefficient, k x and k z are the spring constants in X-and Zdirections, and F x and F z are the electromagnetic force acting on the mover in X-and Z-directions, respectively. The thrust of mover is calculated using the Maxwell stress tensor method, and is substituted in the equations (7) and (8) . The position of mover is calculated by the time step. Fig. 3 shows the flowchart for this coupled analysis. The vector control is taken into consideration in this analysis. Fig. 4 shows the FEM model except the air. The analyzed region is 1/2 of the whole region because of the symmetry. The number of tetrahedron elements, edges, and unknown variables are about 306,400, 367,200, and 347,800, respectively. Table 1 Fig shows the analysis conditions. The number of steps is 9,900, time division is 20 μs, and total CPU time is about 253 hours. Fig. 5 shows the analyzed results of detent thrust when the air-gap was kept 1 mm. In X axis, linear magnetic spring characteristic is shown around the center point. In Z axis, the magnetic attractive force is almost constant through the whole area. The magnetic attractive force reaches maximum value of 7.6 N in the center point. Fig. 6 shows the distributions of magnetic flux density vectors at the center point. The maximum magnetic flux density is about 1.7 T and the back yoke and the stator are not saturated. Fig. 7 shows the analyzed results of current thrust when each coil is exited 100 A. From these results, nearly sine wave thrust characteristics are obtained. Moreover, it is found that Z axis thrust is larger than X axis thrust. Fig. 8 shows the analyzed results of thrust characteristic under vector control when i d = 0, i q = 1 (or i d = 1, i q = 0). In Fig. 8(a) , it is found that Z axis thrust is generated in spite of i d is zero. Similarly in Fig. 8(b) , it is found that X axis thrust is generated in spite of i q is zero. This cause is the thrust characteristic of each phase is not complete sine wave due to the edge effect.
Analyzed Results
Analyzed Model and Condition
Detent Characteristics
Current Thrust Characteristic
Thrust Characteristics under Vector Control
Current Correction
As mentioned, the thrust varies under vector control because of the influence by the edge effect. So, the current should be corrected by the following equation.
where F * d and F * q are the target thrust of each axis, φ ux (θ), φ vx (θ), φ wx (θ), φ uz (θ), φ vz (θ), φ wz (θ) are the interlinkage magnetic flux of each phase and each axis. The target thrust is arbitrarily given, and i d and i q at each position are decided from the equation (9) . 
Dynamic Characteristic
Single Axis Drive Characteristic
In this dynamic analysis, the applied voltage at each coil is decided by the following equation.
where V u , V v and V w are the applied voltages of U, V and W phase coils respectively. Fig. 9 shows vector control system configuration in computation of vector control (in Fig. 3) . Fig. 10(a) shows the analysis results for both oscillation amplitudes of the mover when only target thrust F * q was changed at sine wave, and Fig. 10(b) shows when only target thrust F * d was changed at sine wave. The actuator is operated to resonate in the direction of each axis under vector control. The resonant frequencies in the directions of the X and Z axes are 224 Hz and 422 Hz, respectively. As can be seen from these results, the mover can be independently controlled along each axis. Fig. 11 shows the analysis results for both oscillation amplitudes of the mover when target thrust F * d and F * q were changed at sine wave simultaneously. The actuator is operated to simultaneously resonate in the direction of both X and Z axes under vector control. As can be seen, the mover can be simultaneously driven along each axis. Table 2 shows the peak to peak amplitude of each axis in single axis and biaxial drive. It is found that the amplitude of both axes is almost the same in both drives.
Biaxial Drive Characteristic
In near future, the effectiveness of this method will be confirmed by the comparison with the measurement of a prototype shown in Fig. 12. 
Conclusion
This paper proposed a two-DOF resonant actuator which has drive axis in the direction of the air gap using vector control.
The effectiveness of this method was clarified by showing that the amplitude of this model can be independently controlled in biaxial drive without mutual interference.
In near future, the effectiveness of this method will be confirmed by the comparison with the measurement of a prototype.
